Abstract Addictive stimulant drugs, such as cocaine, are known to increase the risk of exposure to HIV-1 infection and hence predispose towards the development of AIDS. Previous findings suggested that the combined effect of chronic cocaine administration and HIV-1 infection enhances cell death. Neuronal survival is highly dependent on the health of mitochondria providing a rationale for assessing mitochondrial integrity and functionality following cocaine treatment, either alone or in combination with the HIV-1 viral protein Tat, by monitoring ATP release and mitochondrial membrane potential (ΔΨm). Our results indicate that exposing human and rat primary hippocampal neurons to cocaine and HIV-1 Tat synergistically decreased both mitochondrial membrane potential and ATP production. Additionally, since previous studies suggested HIV-1 infection alters autophagy in the CNS, we investigated how HIV-1 Tat and cocaine affect autophagy in neurons. The results indicated that Tat induces an increase in LC3-II levels and the formation of Parkin-ring-like structures surrounding damaged mitochondria, indicating the possible involvement of the Parkin/PINK1/DJ-1 (PPD) complex in neuronal degeneration. The importance of mitochondrial damage is also indicated by reductions in mitochondrial membrane potential and ATP content induced by HIV-1 Tat and cocaine.
Introduction
According to estimates by WHO and UNAIDS, 36.9 million people around the world are known to be infected by HIV-1 as of 2014 (http://www.who.int/features/qa/71/en/). Among these, more than 12 million people are from the US, and 1 out of 8 is unaware of being infected. Since highly active antiretroviral therapy (HAART) became the main treatment for HIV-1 infection, the average life span of HIV+ individuals has increased significantly. However, despite the reduced morbidity and mortality from HIV infection due to HAART therapy, up to 70 % of seropositive patients develop neurologic complications in the central and peripheral nervous system (Bilgrami and O'Keefe 2014) , as well as premature cardiovascular disease (Chu and Selwyn 2011) . All these morbidities are thought to be due to the combination of the effects of an aging HIV-infected population together with the long-term effects of the infection itself and long-term antiretroviral therapy (McArthur et al. 2005) . HIV can induce primary and secondary neurological disorders: the former includes dementia in adults, encephalopathy in children, HIV-associated (vacuolar) myelopathy, and distal peripheral polyneuropathy. As for the latter, these disorders may be due to opportunistic infections resulting from HIV-induced immunosuppression (Tan et al. 2012) or the neurotoxic effects of HAART (Stavros and Simpson 2014) .
Among all of the HIV proteins, at least nine are known to induce neuronal cell death (Mocchetti et al. 2012; Avdoshina et al. 2013) . Among these, HIV-1 Tat protein, the transactivator of transcription which regulates both HIV transcription initiation and elongation, is released from HIVinfected cells (Ensoli et al. 1993) . HIV-1 Tat negatively affects neuronal survival through several mechanisms, among which is the impairment of mitochondrial function (Kruman et al. 1998) . It is widely accepted that psychoactive drugs, including cocaine, increase the risk of exposure to HIV-1 infection and may influence the development of AIDS (Friedman et al. 2006) . Similar to HIV-1, cocaine is known to promote progressive neurocognitive disorders (Dahal et al. 2015) . Specifically, chronic self-administration of cocaine is associated with early cognitive decline, brain atrophy and gradual loss of grey matter (Connolly et al. 2013 ). Furthermore, studies have shown that chronic cocaine administration results in neuronal necrosis and atrophy, and decrease in cell proliferation in the hippocampus (Barroso-Moguel et al. 2002; Yamaguchi et al. 2005) . Thus, the combined effects of chronic cocaine administration and HIV-1 infection could aggravate neuronal cell injury and promote cell death. Neuronal survival is highly dependent on the integrity and functionality of mitochondria, which provide cellular energy by producing ATP through the coupled electron transport chain and oxidative phosphorylation (OxPhos) (Sheng 2014) . The presence of ATP is essential for neuronal cell survival and proper functioning since it allows synapse assembly (Lee and Peng 2008) , generation of action potentials (Attwell and Laughlin 2001) and synaptic transmission (Verstreken et al. 2005) . The dysregulation of OxPhos and impairment of mitochondrial function caused by cocaine use and HIV-1 infection may result in substantial neuronal damage.
Even though HIV-1 does not infect neurons, a major aspect of HAND is neuronal damage and apoptosis (reviewed in Kovalevich and Langford 2012) . HIV transactivator of transcription (Tat) plays an important role in the pathogenesis of HIV-1 neurocognitive disorders such as dementia (HAD) (Langford and Masliah 2002) . Tat production in the hilar area of the rat hippocampus was shown to induce extensive neuronal damage, synaptic alterations, and glial activation both in dentate gyrus and in CA3/4 areas (Bruce-Keller et al. 2003) . In addition, it was shown that the hippocampus was vulnerable to damage during HIV-infection of the human brain (Torres-Muñoz et al. 2001) . Furthermore, Tat protein mediates cognitive and behavioral abnormalities in animal models of HIV disease (Carey et al. 2012; Harricharan et al. 2015) . Cocaine abuse is known to aggravate the neurotoxicity of HIV-1 infection and HIV-1 Tat. The neurotoxic effects of Tat have been reported to be oxidative stress-dependent. In this regard, HIV-1 Tat was found to trigger mitochondrial depolarization (Régulier et al. 2004; Lecoeur et al. 2012) and increased intracellular generation of reactive oxygen species (ROS) resulting in neuronal degeneration in primary cultures of rat hippocampal rat cells (Aksenov et al. 2006) . Previous studies reported the combined action of cocaine exposure and Tat released from infected glia are neurotoxic in the CNS (Wayman et al. 2015) . In line with these findings, our results show that treating rat hippocampal neurons with either cocaine alone or in combination with HIV-1 Tat, strongly decreased mitochondrial ATP production. Moreover, the mitochondrial membrane potential (ΔΨm) is critical for the generation of ATP and loss of ΔΨm leads to ATP depletion within the cell thereby contributing to neuronal death (Joshi and Bakowska 2011) . Our results indicate that Tat and cocaine, either alone or in combination, suppress mitochondrial function by decreasing ΔΨm. Previous studies also suggested that HIV-1 infection alters autophagy function in the CNS, but the specific mechanisms remain unclear. Here we investigated how HIV-1 Tat and cocaine interfere with both autophagy and mitophagy in neurons. The results obtained show that Tat induces an increase in LC3-II levels indicating increased autophagy.
With respect to mitophagy, it is well established that proper degradation of aged and damaged mitochondria through the mitophagic machinery is important in cell homeostasis. The PINK1/Parkin pathway plays a key role in ensuring mitochondrial integrity and function. Specifically, Parkin translocation from the cytosol to damaged mitochondria is known to trigger mitophagy and Parkin-targeted mitochondria then accumulate in the neuronal somatodendritic region where mature lysosomes are predominantly located. Interestingly, Parkin translocation to damaged mitochondria is well established in many non-neuronal cell types, however this translocation is controversial in primary neurons (Ashrafi and Schwarz 2015) . Here we found that Parkin relocalizes from the cytosol to the mitochondria and appears to form Parkin-ring-like structures surrounding mitochondria indicating the possible involvement of Parkin in the formation of the Parkin/PINK1/DJ-1 (PPD) complex, which leads to the ubiquitination and degradation of Parkin substrates, including Parkin itself. Taken together, these findings will help decipher the underlying molecular mechanisms responsible for the augmented neuropathological effects of cocaine abuse in the setting of HIV-1 infection.
Materials and Methods
Primary Neuronal Cultures Neuronal cell culture methods were as we have recently described (Darbinyan et al. 2013) . Briefly, for primary hippocampal neurons, hippocampal tissue was dissected from embryonic day 18 Sprague Dawley rats (Animal assurance number A3085-01) or human fetal brain tissue (embryonic age 16 weeks) and dissociated with mild mechanical trituration. Dissociated cells were seeded at 5 × 10 5 cells/well in serum-free neurobasal medium containing B27 (50:1), 2 mM glutamax, and 1 % antibiotic at 37°C and 5 % CO 2 . One day later the cultures were refed with fresh serum-free neurobasal medium. After 5 days, the cultures consisted of 90 % neuron-specific nuclear-proteinimmunoreactive neurons. Primary dopaminergic rat neurons were harvested from E14 Sprague Dawley rat embryos by dissecting the ventral midbrain and dissociating with a mild mechanical trituration. Dissociated neurons were plated on Poly-D-Lysine coated 96 well plates in serum-free neurobasal medium containing B27 (50:1), 2 mM glutamax, and 1 % antibiotic at 37°C and 5 % CO 2 .
Adenoviral Transduction Four days after plating, neurons were transiently infected for 2 h with either Adeno-GFP, as an internal control, or Adeno-Tat (Mukerjee et al. 2008 ) with a multiplicity of infection of one.
Treatment of Neurons with Cocaine and Tat for Cell
Viability Assay Rat primary hippocampal or dopaminergic neurons were cultured on poly-D-lysine-coated 96-well plates for 4 days and then treated with different concentrations of cocaine (0.25, 0.5, 1 and 2 μM) in sodium citrate (pH 5.0) for 48 h. Rat primary hippocampal neurons cultured on poly-D-lysine-coated 96-well plates were transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat as described in the earlier section with a multiplicity of infection of one. After infection, supernatants were removed and replaced with fresh serum-free neurobasal medium. Subsequently, 48 h posttransduction, the cultured neurons were treated with 1 μM cocaine in sodium citrate (pH 5.0) for 48 h. As a positive control neurons were treated with 10 μM of ionomycin for 48 h. The viability of rat primary neurons was determined by the MTT assay (Sigma-Aldrich) following the manufacturer's instructions.
Treatment of Neurons with Tat and Cocaine for Analysis of Autophagy
Rat primary hippocampal neurons cultured on poly-D-lysine-coated 12-well plates were transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat with a multiplicity of infection of one. Subsequently, 48 h post-transduction, the cultured neurons were treated with 1 μM cocaine in sodium citrate (pH 5.0) for an additional 48 h and then cells were harvested for protein extraction as described in the section on Western blot. For analysis of autophagic flux, Bafilomycin A1 (Sigma-Aldrich, St. Louis, MO, USA) was used at a concentration of 0.5 μM for 4 h prior to harvesting the cells for protein extraction.
Western Blot Neurons were washed once with warm 1X phosphate-buffered saline (PBS) and lysed using TNN lysis buffer (40 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 % NP40, and 1 % protease/phosphatase inhibitor cocktail). Protein extracts were eluted with Laemmli sample buffer, heated at 95°C for 10 min, resolved by SDS-PAGE and transferred to reinforced supported nitrocellulose membranes (Whatman™, Germany) for 2 h at 4°C in a transfer buffer containing 25 mM Tris (pH 7.4), 200 mM glycine, and 20 % methanol. Membranes were blocked for 1 h at room temperature with 10 % nonfat dry milk in 1X PBS with 0.1 % Tween-20 (PBST), washed and incubated with primary antibodies for 2-4 h in 5 % nonfat dry milk at room temperature. The blots were subsequently washed three times with 1X PBS and incubated with IRDye® 800CW goat anti-mouse and IRDye® 680RD goat anti-rabbit secondary antibodies and visualized with an Odyssey® CLx Imaging System (LI-COR, Inc., Lincoln, NE). The following antibodies were used for Western blot: Rabbit polyclonal antibodies to LC3 (Sigma, St. Louis MO), GAPDH (Santa Cruz Biotechnologies. Dallas TX), β-tubulin (LI-COR, Lincoln NE), HIV-1 Tat (NIH AIDS Reagents, Germantown MD), Parkin, Tomm20 and PINK1 (Abcam, Cambridge MA). Goat polyclonal antibody to VDAC1 and mouse monoclonal to cytochrome C were from Santa Cruz.
Immunocytochemistry Tomm20 is the translocase of the outer mitochondrial membrane and is used as a marker for mitochondria. For Parkin and Tomm20 labeling, neurons were fixed for 30 min with 4 % paraformaldehyde at room temperature. The fixed cells were permeabilized with 1 % Triton X100 for 30 min, followed by labeling with Parkin and Tomm20 antibody. Briefly, after blocking with 1 % BSA in PBS 0.1 %Tween 20, slides were incubated with rabbit antiTomm20 (1:1000) and Mouse anti-Parkin (1:1000), washed in PBS (0.1 M) and incubated with secondary antibody.
Mitochondrial Isolation Human primary neurons were cultured in poly-D-lysine-coated T-25 tissue culture flasks. Following treatment, neurons were scraped off the plates in cold 1X PBS, pelleted by centrifugation at 1000 rpm. Cell pellets were washed, repelleted and the supernatants were removed. Pellets were subjected to differential centrifugation as we have previously described (Sen et al. 2015) . Following the isolation procedures, the resulting mitochondrial-enriched pellets were immediately resuspended and lysed in a small volume of TNN lysis buffer (40 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 % NP40, and 1 % protease/ phosphatase inhibitors cocktail). Protein concentrations were then determined by the Bradford method.
Mitochondrial Membrane Potential Assay Permeabilized neurons (20 μg/ml digitonin) were gently stirred and 3 mM JC-1 (Enzo Life Sciences) was added or 30 min in a 5 % CO 2 incubator at 37°C to monitor Δψm and then washed with PBS. Fluorescence signals were monitored at 490-nm excitation (ex)/535-nm emission (em) for the monomer, 570-nm ex/595-nm em for the J-aggregate of JC-1. 10 μM Ca 2+ boluses were added every 60 s for 9 boluses. At 20s JC-1 was added to monitor Δψ. Fluorescence signals for JC-1 were monitored at 490 ex/535 em for the monomer and 570ex/ 595em for the J-aggregate. The protonophore, CCCP, was added to collapse the proton gradient. All experiments were conducted at 37°C and recorded on a PTI spectrofluorometer.
Measurement of Mitochondrial ATP Levels Human fetal neurons were treated with Tat, cocaine or rotenone, harvested and the mitochondrial fraction was isolated by differential centrifugation. Finally, the mitochondrial pellet isolated as described earlier was lysed in RIPA buffer. ATP content was measured using the ATP Determination Kit (Molecular Probes, Eugene, OR), a bioluminescence assay for quantitative determination of ATP with recombinant firefly luciferase and substrate D-luciferin, following the manufacturer's directions.
Statistical Analysis
The data in Figs. 1 and 5 were analyzed by a Student's two-tailed t-Test, which returns the probability that two samples are likely to have come from the same two underlying populations that have the same mean. When the results from comparing a data point to the control data (lane 1) show that the probability is less than 5 % (p < 0.05), this is taken as a statistically significant difference and marked by an asterisk. For Western blots, each was repeated 2-3 times and a representative experiment is presented.
Results

Dose-Dependent Effects of Cocaine on Neuronal Viability
The first set of experiments aimed to investigate the dosedependent effect of cocaine on cell viability, followed by the time-dependent effects of Tat and cocaine on the viability of rat primary neurons. As shown in Fig. 1a , we determined the levels of cell death using the MTT viability assay in rat primary hippocampal neurons after administration of various concentrations of cocaine. Cytotoxicity was observed at concentrations of 1 μM cocaine and above. In order to monitor the combined effects of Tat and cocaine on neuronal death, a viability assay was performed to show the time-dependent response to the treatments. Cell viability was then analyzed at 48 h after cocaine treatment by the MTT assay. Transduction of rat primary hippocampal neurons with Adeno-Tat greatly reduces cell viability as did treatment with cocaine both in the presence and absence of Tat (Fig. 1b) . Phase contrast photomicrographs of the neurons treated with cocaine and/or Tat for 48 h are shown in Fig. 1c . We also performed these experiments with rat primary dopaminergic neurons with similar results except that they were more sensitive to low concentrations of cocaine with significant cytotoxicity at 0.25 μM cocaine and above (Fig. 1d) .
Effects of Tat and Cocaine on Autophagic Flux Next, we investigated whether rat primary hippocampal neurons undergoing HIV-1 Tat and cocaine treatment exhibited an increase in autophagic signaling and whether such treatments affected expression of LC3-II. Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a 17 kDa protein found ubiquitously in mammalian cells. Concomitantly with autophagy, a cytosolic form of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate (LC3-II), which serves as a marker for autophagosomes (Tanida et al., 2008) . Our results indicate that Tat alone or in combination with cocaine, but not cocaine alone, induces an increase in LC3-II levels ( Fig. 2a and b) . In addition to LC3, SQSTM1/p62, serves as a link between LC3 and ubiquinated substrates (Katsuragi et al. 2015 ) and a decrease in SQSTM1/ p62 levels are associated with autophagy activation in certain conditions (Klionsky et al. 2016) . Our results indicate that either Tat alone or cocaine alone or Tat in combination with cocaine, did not induce degradation of SQSTM1/p62 ( Fig. 2c  and d ). Other reports have noted that SQSTM1/p62 changes are cell type specific and do not always correlate with autophagy induction (Klionsky et al. 2016) .
To investigate if Tat and cocaine are acting on the autophagic flux, we employed an autophagic flux assay. The assay detects whether processed LC3-II accumulates in response to autophagy inhibition using bafilomycin A1, which is a specific inhibitor of the vacuolar type lysosomal H + -transporting ATPase (V-ATPase) in cells, and inhibits the acidification of organelles containing this enzyme, such as lysosomes and endosomes (Yamamoto et al. 1998) . Rat primary neurons were transiently transduced and/or treated with 1 μM cocaine as previously described and also treated with or without bafilomycin A1 (0.5 μM) for 4 h prior to harvesting of cells. As shown in Fig. 2e , the conversion of LC3-I to LC3-II increased upon bafilomycin A1 treatment (compare lanes 1, to lane 3) suggesting that bafilomycin A1 blocks basal autophagic flux. HIV-1 Tat transduction increased LC3-II levels compared to both control and GFP (compare lanes 1 and 3 to lane 5) but had no effect on bafilomycin-induced LC3-II level (compare lane 4 to lane 6). Interestingly, cocaine alone reduced the induction of LC3-II by bafilomycin (compare lane 4 to lane 8).
Effects of Tat and Cocaine on Mitophagy Evidence in mammalian cell lines has implicated Parkin and PINK1 in the mitophagic degradation of dysfunctional depolarized mitochondria (Grenier et al. 2013) . Specifically, decreased Parkin levels are associated with mitochondrial dysfunction. However, the role of Parkin in neurons still remains unclear (Grenier et al. 2013) . Interestingly, Parkin is slightly downregulated in whole cell extracts of cocaine-treated neurons (Fig. 3a) , with translocation of Parkin from the cytosol to the mitochondria in neurons treated with Tat and cocaine (Fig. 3b) . PINK1 expression is also slightly downregulated in cell extracts of cocaine alone and cocaine and Tat treated neurons (Fig. 3c) . VDAC, also known as mitochondrial porin, is a voltage dependent anion channel, located in the mitochondrial outer membrane. VDAC functions as a gatekeeper, regulating the traffic of mitochondrial metabolites. VDAC is also known to specifically interact with Parkin on damaged mitochondria, and therefore plays a key role in the onset of mitophagy. Our data indicate that both Tat and cocaine treatment induced an upregulation of VDAC expression levels (Fig. 3d) , suggesting a response to neuronal stress induced by exposure to cocaine and Tat. Changes in VDAC expression may therefore represent another indication of increased mitophagy signaling in rat hippocampal neurons.
In order to investigate whether Tat and cocaine treatment can be involved in the regulation of Parkin, immunocytochemistry was performed in neurons treated with cocaine and/or Tat (Fig. 4) . This approach did not reveal marked differences in the translocation of Parkin to the mitochondria, but interestingly, Parkin-ring-like structures were visible surrounding fragmented mitochondria of hippocampal neurons transduced with Adeno-Tat (Fig. 4, arrows) . These findings are in accord with the findings of Cai et al. (2012) , where the authors reported that Parkin translocation to mitochondria in neurons is slower than in non-neuronal cells and Parkin was selectively recruited to depolarized mitochondria to form ringlike structures. In this study, it was also reported that Parkin Fig. 1 a. MTT Viability assay of dose-dependent effect of cocaine on rat primary hippocampal neurons. Rat primary hippocampal neurons were harvested from E18 rat embryos and plated on Poly-D-Lysine-coated 96 well plates. Cells were then treated with cocaine at concentrations ranging between 0.25 and 2 μM for 48 h. Neuronal viability was assessed by MTT assay, which revealed a substantial dose dependent decrease in cell viability, starting at a concentration of 1 μM cocaine. b. Viability assay of effect of HIV-1 Tat and cocaine, alone or in combination in rat primary hippocampal neurons. Rat primary hippocampal neurons were harvested from E18 rat embryos and plated on Poly-D-Lysine-coated 96 well plates. Cells were then transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat at moi = 1. After 48 h transduction, the neurons were untreated (C-) or treated with 1 μM cocaine in sodium citrate (pH 5.0) or 10 μM ionomycin as a positive control (C+). Cell viability was then analyzed 48 h after cocaine treatment by the MTT assay. The data show a decrease in cell viability induced by both Tat and cocaine. c. Phase contrast photomicrographs of the treated rat primary hippocampal neurons showing the cytopathic effects of Tat and cocaine. The scale bar is 40 μm. d. Viability assay of dose-dependent effect of cocaine on rat primary dopaminergic neurons. Experimental conditions were as for A but rat dopaminergic neurons were utilized. Neuronal viability was assessed by MTT assay, which revealed a substantial dose dependent decrease in cell viability, starting at a concentration of 0.25 μM cocaine. Asterisks indicate that the difference is statistically different from the control in lane 1 (P < 0.05) translocation only occurred in a small percentage of neurons and was restricted to somatodendritic regions, where mature and acidic lysosomes are predominantly localized. This spatial and dynamic process allows neurons to efficiently eliminate dysfunctional mitochondria by selective and dynamic Parkin translocation to depolarized mitochondria and subsequent Fig. 2 Expression of LC3-II and SQSTM1/p62 in primary hippocampal neurons treated with HIV-1 Tat and cocaine, alone or in combination. Rat primary hippocampal neurons were harvested from E18 rat embryos and plated on Poly-D-Lysine-coated 12-well plates. Cells were then transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat at moi = 1. After 48 h following transduction, the cultured neurons were treated with 1 μM cocaine in sodium citrate (pH 5.0). a. Western blots for Tat, LC3 and GAPDH (loading control). The LC3-II band is indicated by an arrowhead. b. Quantification of the LC3-II band intensity to that of GAPDH for Panel A. The data show an increase in LC3-II after Tat and/or cocaine treatment. c. Western blots for SQSTM1/p62 and GAPDH (loading control). d. Quantification of the p62 band intensity to that of GAPDH for Panel c. The data show no alteration in p62 after Tat and/or cocaine treatment. e. Effect of Bafilomycin A on expression of LC3-II in primary hippocampal neurons treated with HIV-1 Tat and cocaine, alone or in combination. Rat primary hippocampal neurons were harvested from E18 rat embryos and plated on Poly-D-Lysine-coated 12-well plates. Cells were then transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat at moi = 1. After 48 h, the cultured neurons were treated with 1 μM cocaine in sodium citrate (pH 5.0) and/or 0.5 μM Bafilomycin A for 4 h prior to harvest. Cells were harvested and analyzed by Western blot for LC3 and GAPDH (loading control). The position of the LC3-II band is indicated by an arrowhead. The band intensities of the LC3-II and GAPDH for each condition were quantified and the ratios are shown underneath the Westerns. HIV-1 Tat increased LC3-II levels compared to both control and GFP but had no effect on bafilomycin-induced LC3-II level, while cocaine alone reduced the induction of LC3-II by bafilomycin degradation via the autophagy-lysosomal pathway in live neurons.
Tat and Cocaine Modulates Mitochondrial Bioenergetics in Primary Human Neurons
To examine whether HIV-1 Tat and cocaine treatments are capable of altering mitochondrial bioenergetics, an ATP determination assay was performed on human primary hippocampal neurons. ATP levels decreased significantly after cocaine and Tat treatments indicating that they strongly affect the mitochondrial respiratory chain (Fig. 5a) .
It is known that cocaine potentiates the neurotoxic effect of the HIV-1 Tat protein, leading to neurodegeneration in the brain. Specifically, it has been shown that Tat generates mitochondrial-reactive oxygen species (ROS). Oxidative stress caused by reactive oxygen species (ROS) is known to induce rapid depolarization of the inner mitochondrial membrane potential (Δψm). To elucidate whether HIV-Tat and cocaine, alone or in combination, can trigger mitochondrial depolarization, we monitored changes in mitochondrial membrane potential by using Δψ-sensitive fluorescent probe, JC-1 (Molecular Probes). Once loaded into the mitochondria, JC-1 forms red fluorescent (emission at 590 nm) aggregates in the regions of high membrane potential. At low membrane potential JC-1 exists as a green fluorescent (emission at 528 nm) monomer. Therefore, red-to-green JC-1 fluorescence ratios can be used to assess changes in Δψ following different experimental treatments with either Tat or cocaine. Results   Fig. 3 Expression of VDAC, PINK1 and Parkin in primary hippocampal neurons treated with HIV-1 Tat and cocaine, alone or in combination. Rat primary hippocampal neurons were harvested from E18 rat embryos and plated on Poly-D-Lysinecoated 12-well plates. Cells were then transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat (moi = 1). After 48 h, the cultured neurons were treated with 1 μM cocaine in sodium citrate (pH 5.0) or 10 μM ionomycin as a positive control. Western blots were performed for Parkin (a). To examine the subcellular distribution of Parkin, the cultured neurons were fractionated into cytosol and mitochondrial fractions as described and analyzed by Western blot for Parkin, cytochrome c (mitochondrial marker) and GAPDH (cytosolic marker) as shown in Panel b. Western blots of total cell extracts were also performed for PINK1 (c) and VDAC (d). Quantification for each Western is shown in the right hand side of Panels a, c and d. Parkin is slightly downregulated in cocaine-treated neurons and there is translocated from cytosol to mitochondria after treatment with Tat and cocaine. PINK1 is also slightly downregulated with cocaine alone and cocaine plus Tat. VDAC was upregulated by both Tat and cocaine suggesting a possible response to neuronal stress and may indicate increased mitophagy signaling showed a significant increase in mitochondrial membrane depolarization in hippocampal neurons treated with both Tat and cocaine, alone and in combination (Fig. 5b) . These data support a role for the disruption of mitochondrial membrane potential in the neurotoxic effects of HIV-1 Tat and cocaine.
Discussion
Previous studies suggested that the combined effects of chronic cocaine administration and HIV-1 infection are neurotoxic and cause injury to neurons in the CNS (Wayman et al. 2015) . The use of cocaine can aggravate the neurotoxic effects of HIV-1 proteins such as HIV-1 Tat and HIV-1 Tat is believed to play an important role in the pathogenesis of HIV-1 neurocognitive disorders such as HAD. HIV-1 Tat is neurotoxic and evidence suggests that these toxic effects are oxidative stress-dependent. In this regard, HIV-1 Tat was found to trigger mitochondrial depolarization and increased intracellular generation of reactive oxygen species (ROS) resulting in neuronal degeneration in primary cultures of rat hippocampal neurons (Aksenov et al. 2006 ). In the same study, a pharmacologically relevant dose of cocaine (1.5 μM) was non-toxic by itself but significantly enhanced Tat-induced oxidative stress and neurotoxicity in rat hippocampal cell cultures and that cocaine-mediated augmentation of Tat neurotoxicity is related to its ability to potentiate Tat-induced oxidative stress (Aksenov et al. 2006) . In contrast, our data indicate that cocaine alone is toxic to rat hippocampal neurons and also confirm the neurotoxic effects of Tat on rat hippocampal neurons (Fig. 1) .
Autophagy is a basic physiologic process contributing to the maintenance of cellular homeostasis and encompasses pathways targeting cytosolic proteins and damaged organelles. Deregulation of autophagy plays a pivotal role in the etiology and progress of many neurodegenerative disorders (Ghavami et al. 2014) . Monitoring conversion of LC3-I to LC3-II by western blot is widely used to monitor autophagy since the amount of LC3-II is clearly correlated with the number of autophagosomes (Mizushima and Yoshimori 2007) . The autophagic flux analysis of SQSTM1/p62 in our studies did not show any changes in the degradation of p62. In this Fig. 4 Analysis of the effect of HIV-1 Tat and cocaine, alone or in combination on Parkin and Tomm20 subcellular distribution in primary hippocampal neurons by immunocytochemistry. Primary rat hippocampal neurons were harvested from E18 rat embryos and plated on Poly-D-Lysine-coated chamber slides. Cells were then transiently transduced for 2 h with either Adeno-GFP or Adeno-Tat (moi = 1). After 48 h, the cultured neurons were treated with 1 μM cocaine in sodium citrate (pH 5.0). For labeling of Parkin (green) and Tomm20 (a mitochondrial marker, red), immunocytochemistry was performed as described in Materials and Methods with rabbit anti-Tomm20 (1:1000) and mouse anti-Parkin (1:1000). Nuclei are stained with DAPI (blue). Arrows indicate endogenous Parkin-ring-like structures surrounding fragmented mitochondria. Parkin-ring-like structures were visible around fragmented mitochondria of cells treated with Tat. The scale bar is 40 μm context, it has been reported that in some cell types, there is no change in the levels of p62 despite induction of autophagy (see review, Klionsky et al. 2016) . Furthermore, a decrease in p62 might also be an indicator of blockage of autophagy as a result of cleavage of p62 by caspases or calpains (ElKhoury et al. 2014) . Our data indicate the induction of autophagy by HIV-1 Tat alone or combined with cocaine but not by cocaine alone. Interestingly, Tat and cocaine also perturbed the level of VDAC and subcellular localization of Parkin, two proteins that are involved in the regulation of autophagy.
The E3 ubiquitin ligase Parkin and the serine/threonine kinase PINK1 are neuroprotective proteins, which are involved in the mitochondrial quality control pathway providing key regulation of the clearance of depolarized and damaged mitochondria by autophagy, a process known as mitophagy (Seirafi et al. 2015) . Parkin translocation from the cytosol to depolarized and damaged mitochondria is a trigger for mitophagy. However, much of the work characterizing the Parkin pathway was carried out in immortalized cell lines, which overexpress high levels of Parkin. Thus, while Parkin translocation to damaged mitochondria is well established in many non-neuronal cell types, the occurrence of this translocation in primary neurons is controversial (Ashrafi and Schwarz 2015) . Nevertheless, mitochondrial dysfunction is observed in virtually every neurodegenerative disease and genetic results have begun to elucidate the underlying mechanisms of mitochondrial involvement in these diseases, pointing to the importance of defects in the recycling of impaired mitochondria and mitochondrial dysfunction in neurodegeneration (Dupuis 2014) . Our data presented here (Figs. 3d ATP determination assay and the effects of HIV-1 Tat and cocaine, alone or in combination in hippocampal neurons. Human primary neurons were treated with Tat, cocaine or rotenone, harvested and the mitochondrial fraction was isolated by differential centrifugation. Finally, the mitochondrial pellet was lysed in RIPA buffer and analyzed for ATP by ATP-luciferase assay as described. ATP levels decreased significantly after cocaine and Tat treatments indicating that they strongly affect OxPhos. For each histogram, asterisks indicate that the difference is statistically different from the control in lane 1 (P < 0.05). c. Effects of HIV-1 Tat and cocaine on the mitochondrial membrane potential of human primary neurons. Neurons were treated with Tat and cocaine, alone and in combination, for 48 h. Representative traces of permeabilized (20 μg/ml digitoxin) neurons were loaded with JC-1, a novel cationic carbocyanine dye that accumulates in mitochondria and is a sensitive marker for mitochondrial membrane potential. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a highly toxic ionophore and decoupler of the respiratory chain, was added at the conclusion of every experiment to collapse the proton gradient. Quantification of the membrane potential before the addition of CCCP is shown. Data represent the mean ± SEM (n = 3). * -p < 0.05 compared to the control. Results show mitochondrial membrane depolarization with both Tat and cocaine, alone and in combination and 4) did not reveal marked differences in the translocation of Parkin to the mitochondria upon Tat and cocaine treatment of rat hippocampal neurons, but we did observe Parkin-ring-like structures surrounding fragmented mitochondria of neurons transduced with Adeno-Tat. Likewise, Cai et al. (2012) reported that Parkin translocation to mitochondria is slow but Parkin was selectively recruited to depolarized mitochondria to form ring-like structures, which only occurred in a small percentage of neurons and was restricted to somatodendritic regions. This allows neurons to efficiently eliminate dysfunctional mitochondria by selective and dynamic Parkin translocation and subsequent degradation by the autophagosomes/lysosomes in live neurons (Cai et al. 2012) .
Finally, since the neurodegeneration caused by HIV-1 Tat and cocaine involves mitochondria, we analyzed the effects on mitochondrial bioenergetics. HIV-1 Tat alone decreased ATP levels as did cocaine alone but the effect of both Tat and cocaine were more pronounced. Interestingly, HIV-1 Tat alone and cocaine alone had only slight effects on mitochondrial membrane potential but both Tat and cocaine together caused a marked depolarization of the mitochondrial membrane potential. Stevens et al. (2014) reported HIV-1 Tat induced decreases in ATP levels and mitochondrial hypopolarization in primary cultures of mouse cerebral cortical neurons. Creatine was protective against both of these and the authors suggested that creatine might be a useful adjunctive therapy against HAND (Stevens et al. 2014) .
Taken together, our data indicate that the neurotoxic effects of both HIV-1 and cocaine are mediated by pathways involving mitochondrial dysfunction and the induction of autophagy offering new insight into the neuropathology of HIV-1/AIDS and cocaine use comorbidity.
